The analysis of three populations of the characid ®sh Astyanax scabripinnis located at dierent altitudes along the same stream has revealed the presence of a macro B chromosome in two highaltitude populations (1800 m and 1920 m) but its absence from a low-altitude population (700 m). Because the stream¯ows through very rugged mountains, with numerous falls ensuring that any genē ow occurs downstream only, the absence of B chromosomes from the low-altitude populations is best interpreted in the light of the parasitic theory of B chromosome evolution. Under this theory, we would expect B chromosomes to be more frequent where environmental conditions are more favourable for the species, because Bs are best tolerated there. The widespread presence of these B chromosomes in numerous Brazilian river headwaters, which are the preferred habitat for this species, support this possibility.
Introduction
B chromosomes are`additional dispensable chromosomes that are present in some individuals from some populations in some species, which have probably arisen from the A chromosomes but follow their own evolutionary pathway' (Camacho & Parker, 1993 1 , in Beukeboom, 1994 . It is their irregular mitotic and meiotic behaviour that allows them to accumulate sel®shly in the germ line of many species (Jones, 1991) .
The only two models of B-chromosome evolution that have traditionally been accepted are the parasitic (O È stergren, 1945; Nur, 1966 Nur, , 1977 Jones, 1985; Shaw & Hewitt, 1990 ) and the heterotic (White, 1973) models. Both assume that B frequency in natural populations is in equilibrium, but dier in the causes promoting it. The parasitic model states that B maintenance is primarily a result of B accumulation (drive) counteracting their decrease in frequency because of the detrimental eects caused by the B chromosome on the ®tness of B carriers. Most B chromosomes analysed in detail ®t this model (for review, see Camacho et al. 2000) . The heterotic model, however, involves a bene®cial eect of nondriving Bs on the ®tness of individuals carrying a low number of Bs, but detrimental eects on individuals with high B numbers. The only known B chromosomes probably being heterotic are those in the chive Allium schoenoprasum, which improve survival from seed to seedling (Holmes & Bougourd, 1989) because they boost germination rate under drought conditions (Plowman & Bougourd, 1994) , and in the fungus Nectria haematococca, where Bs favour its pathogenicity (Miao et al., 1991) . In the latter species, no population dynamics studies have been performed.
A third possibility has emerged in recent years after intensive population studies in the grasshopper Eyprepocnemis plorans (Camacho et al., 1997) ; that parasitic B chromosomes may be neutralized by the evolution of genes in the A genome suppressing the B drive. The possibility of the regeneration of neutralized B polymorphisms by the appearance of a new B-typepossessing drive illuminates possible pathways of the long-term evolution of parasitic B chromosomes (Camacho et al., 1997; Johnson, 1997; Zurita et al., 1998) .
The characid ®sh Astyanax scabripinnis shows a widespread geographical distribution and is found in most Brazilian river basins. Astyanax scabripinnis, a species typical of stream headwaters, decreases in abundance downstream (Caramaschi, 1986) . Large metacentric B chromosomes, similar in size to the largest autosome, have been described in several populations of this species (Maistro et al., 1992; Salvador & Moreira Filho, 1992; Vicente et al., 1996; Mizoguchi & Martins Santos, 1997) , in parallel with the occurrence of B microchromosomes (Rocon Stange & Almeida Toledo, 1993; Mizoguchi & Martins Santos, 1997) .
In this paper, we provide evidence that the metacentric macro-B chromosome of A. scabripinnis is frequent at the headwaters of a river, which constitute the most appropriate environment for this species, but is absent from a low-altitude population that constitutes the ecological limit of its distribution.
Materials and methods
A total of 672 specimens of the characid ®sh Astyanax scabripinnis were collected from three populations along the RibeiraÄ o Grande stream [Paraiba do Sul basin, Campos do JordaÄ o mountains (Sierra Mantiqueira), SP, Brazil]. Two populations were located on the mountain top, at the headwaters of the stream, but at dierent altitudes: 1920 m (a small stream situated very close to the source of the river) and 1800 m (Santa Isabel Reservoir). The third population was in the ParaõÂ ba river valley, at 700 m.
All individuals were prepared for cytological analysis, but only 37% of these showed mitotic divisions that permitted such analysis. Whereas sex was determined for all the animals by careful gonad examination, chromosomes could be analysed only in some of the specimens. Cytological analysis was performed in mitotic cells obtained by the techniques described by Bertollo et al. (1978) and Moreira Filho & Bertollo (1990) .
Contingency tables for B frequency comparisons between populations and sexes were analysed by the R´C program, which employs the Metropolis algorithm to obtain an unbiased estimate of the exact P-value (Raymond & Rousset, 1995) . In all cases, 20 batches of 5000 replicates were performed. The analyses of sex ratio and Hardy±Weinberg equilibrium were performed by chi-squared goodness-of-®t.
Results
The B chromosomes found in the RibeiraÄ o Grande stream were of three types, the prevalent one being similar to that previously described in this species (Vicente et al., 1996) . Thus, most B-carrying individuals harboured the metacentric macro-B roughly similar in size to the longest autosome (B M in Fig. 1 ). A few individuals (four at 1800 m and three at 1920 m) carried a submetacentric B similar in size to the former and thus presumably derived from it by means of a pericentric inversion (B SM in Fig. 1 ). A single individual from the 1920 m population carried a shorter metacentric B (B m in Fig. 1 ). Because the two latter B types were scarce and presumably derived from the principal type, the following analyses of B frequency were performed with the three B types considered as a whole. The separate analysis of the B M type (data not shown) gave similar results to those shown below. Table 1 shows the frequency of B chromosomes found in the three localities sampled at dierent altitudes. B chromosomes were present in the two highest populations but absent from that from 700 m.
We analysed 63 individuals in the latter locality and all lacked B chromosomes, we can, therefore, deduce that the B frequency at 700 m, if it is actually present, is lower than 4.75% (the 95% upper con®dence limit, calculated from a Poisson distribution).
Because the specimens in each locality were collected over several years, a preliminary analysis of a possible temporal tendency to change in B frequency was performed. Neither at 1800 m (males: P 1; females: P 0.809) nor at 1920 m (males: P 0.211; females: P 0.175) did any temporal tendency appear at a change in the frequency of B chromosomes. Therefore, the following analyses were performed on the entire sample in each locality.
B chromosomes were signi®cantly more frequent at 1920 m than at 1800 m (P 0.00013). In addition, B frequency was higher in females than in males in the two B-carrying populations (1800 m: P 0.00646; 1920 m: P 0.00365).
The frequencies of individuals with 0, 1 and 2 B chromosomes ®t Hardy±Weinberg expectations in both localities (1800 m: v An analysis of the sex ratio, performed on the data of captured individuals (N c in Table 1 
Discussion
These results con®rm previous research showing that the macro-B chromosomes in A. scabripinnis are more frequent in females than in males, so that there is a signi®cant and positive association between carrying the B chromosome and being a female (Vicente et al., 1996) . The observation of an individual carrying 1B that showed ovotestes (see Table 1 ) even suggests that the B chromosome could, in some unknown way, interfere with sex determination and gonad development. This is reinforced by the observation of four other intersexes, all possessing 1B, in another population from a dierent river (D. Marco, personal communication). The higher B frequency in females could also be a result of the presence of the B chromosome causing higher early mortality among males, which would be consistent with this B being parasitic. These possibilities demand future research analysing B transmission, B eects on several ®tness components, including viability, and B frequency at dierent ages in both sexes.
Previous cytogenetic studies in A. scabripinnis have shown the presence of macro-B chromosomes in a wide sample of small streams belonging to several dierent river basins (see Souza & Moreira-Filho, 1995) . In most cases where more than a single population was analysed, they belonged to dierent rivers running at dierent altitudes, thereby obscuring comparisons. The most informative comparison, however, is that between populations collected at dierent points from the same river. The only two such studies reported previously were inappropriate for frequency comparison because of small sample size (Souza & Moreira-Filho, 1995) (1920 m) and is absent at low altitude (700 m). At the intermediate altitude (1800 m), B frequency was lower than at the highest population. The best explanation for this result is provided by the parasitic theory (O È stergren, 1945; Nur, 1966 Nur, , 1977 Jones, 1985; Shaw & Hewitt, 1990; Beukeboom, 1994; Camacho et al. 2000) , by which B chromosomes are considered genome parasites maintained in populations as a result of drive mechanisms even though they might be harmful for the individuals carrying them. Under this theory, we would expect the highest B frequency in those localities with more favourable environments for the species, because there the burden of carrying these genome parasites would be best tolerated. Astanyax scabripinnis has been de®ned as a headwater species, whose presence in the small tributaries of many Brazilian rivers decreases downstream (Caramaschi, 1986) . In this case, it is clear that the highest populations close to stream headwaters (e.g. RibeiraÄ o Grande at 1920 m, Piracuama at 1800 and Cascatinha at 880 m) are situated in the most favourable places for this ®sh, where harbouring parasitic B chromosomes is more tolerable. The lowest populations (e.g. RibeiraÄ o Grande at 700 m and Piracuama at 780 m), however, represent populations at the ecological limit of the distribution of this species in each of these rivers. It is thus likely that certain ecological conditions make the presence of B chromosomes intolerable in these low-altitude sites. Although speci®c ecological analyses need to be performed, our ®eld experience indicates the existence of two important ecological dierences between high-and low-altitude localities: (i) the reduced presence of potential predators (e.g. the ®shes Rhamdia hilarii, Gymnotus sp. and Hoplias malabaricus and aquatic insect larvae) in the high-altitude localities; and (ii) the lower ®sh species diversity at the high-altitude sites compared to low-altitude ones, indicating a stronger level of resource competition in the latter.
Altitudinal variation for B chromosome frequency has been described in other B chromosome systems; for instance, in the grasshopper Myrmeleotettix maculatus, Hewitt & Ruscoe (1971) reported a steep cline for B frequency over the hillside of the Goginan mine (Wales), with B chromosomes being frequent in the valley bottom but very scarce on the hill at the head of the valley. The coincidence with a temperature cline in these populations, the geographical distribution of this B chromosome limited to the warmer and drier parts of Southern England and Wales, and the existence of selection against individuals carrying two B chromosomes (Shaw, 1984) clearly suggest that B chromosomes are more frequent in those places where environmental conditions determine a higher tolerance to these genome parasites.
In the grasshopper Omocestus bolivari, populations at high altitudes in the Sierra Nevada mountains (Granada, Spain) lack B chromosomes that are present at lower localities. On the basis of the frequent eect of B chromosomes slowing down development (Harvey & Hewitt, 1979) , this dierence has been explained by the maladaptive eect of B chromosomes in high populations where the period of snow cover is longer and hence the time available for the life-cycle is shorter (Viseras & Camacho, 1985) .
In British populations of the plant Crepis capillaris, B chromosomes showed the highest frequency at midaltitudes in large populations, declining both towards the summit and in the small, isolated lowland populations (Parker et al., 1991) . These authors suggested that B chromosomes in this species are excluded from populations growing under suboptimal conditions because of selection operating against individuals with one or more B chromosomes.
In the cases of M. maculatus (Hewitt 1976) and C. capillaris (Parker et al. 1989) , it has been demonstrated that B chromosomes show strong drive, which explains why these B chromosomes may maintain themselves in natural populations despite being disfavoured by natural selection at the organism level. On this basis, and given the widespread presence of the A. scabripinnis macro-B chromosome in the headwaters of rivers in dierent Brazilian basins, such as SapucaõÂ (Salvador & Moreira Filho, 1992; Vicente et al., 1996) (Souza & Moreira-Filho, 1995 ; this paper), indicating that they constitute an old polymorphism, we can predict that this B chromosome is very likely to be a parasitic one, showing drive. In a recent report, Porto-Foresti et al. (1997) have pointed out the possibility that this B chromosome plays an adaptive role in this species and have suggested two alternative hypotheses to explain the higher B frequency in the higher stretch of the three analysed in the Cascatinha stream: (i) B chromosomes are harmful for ®sh living in the two lower stretches analysed, and (ii) B chromosomes confer a selective advantage on ®sh living in the highest stretch (Porto-Foresti et al., 1997) . In our opinion, these two hypotheses are mutually compatible under the parasitic theory, because the same B chromosome might be harmful in a low-altitude population (thus reaching low frequency) but`less-harmful' (not necessarily conferring a selective advantage) in a higher one (thus reaching higher frequency) simply for ecological reasons, as explained above. The precise ecological dierences marking the dierent tolerances between populations remain to be identi®ed, but it is clear that, for the moment, the parasitic theory provides us with the most complete picture for the evolutionary signi®cance of B chromosomes in A. scabripinnis.
